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ABSTRACT

Spatially explicit identification of changes in ecological
condrtrons over large areas S key to targeting and priori-
tizng areas for environmental protectron and restoration
by managers at watershed, basin, and regional scales. A
critical limitation to this point has been the development
of methods to conduct such broad-scale assessments.
Field-based methods have proven to be too costly and
too inconsistent in thew application to make estimates of
ecological condrtrons over large areas New spatial data
derived frorn satellite imagery and other sources, the de-
velopment of statistical models relating landscape com-
position and pattern to ecological endpoints, and geo-

graphic information systems (GIS) make it possible to
evaluate e(ological condrtrons at multiple scales over
broad yeographtc regions In this study, we demonstrate
the application of spatially distributed models for bird
habitat quality and mitrogen yield to streams to assess
the consequences of landcover change across the mid-
Atlantic region between the 1970s and 1990s. More-
over, we present a way to evaluate spatial concordance
between models related to different envrronmental end-
points Results of 1his study should help envrronmental
managers in the mid-Atlantic region target those areas
In need of conservation and protectron.

INTRODUCTION

The shrinking and fragmentation of intact, natu-
ral landcover have become major environmental
concerns worldwide (Turmner et ol 1990; Groom &
Schumaker 1993; Houghton 1994; Imhoff 1994;
Ojima et ol 1994). Cumulatively, these changes
have decrcased biological diversity, biotic poten-
tial, and the quality of water resources over a vari-
ety of scales (Schlesinger ef al. 1990; Lubchenco ef
al. 1991; UNEP 1992; Woodley et al. 1993; Noss &
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Cooperrider 1994; Houghton 1994; Ojima et al
1994; Noss et al. 1995; Saunders et al. 1991). Frag-
mentation and simplification ol natural habitats
are primary factors influencing the decline of bio-
logical diversity at regional and continental scales
(Turner 1989; Turner ¢ ol 1991; Saunders et al.
1991), as is conversion of natural landcover to an-
thropogenic landcover (Noss ef al. 1995). Frag-
mentaton results in decreased sizes of continu-
ous habitat (c.g., interior forests) and decreased
connectivity among metapopulations (Verboom
et al. 1991). As distances between patches of suit-
able habitatincrease, the probability of extinction
mcreases for ndividual populations, and the
probability of recolonization by surviving popula-
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tions decreases (Verboom et al. 1991). The result
of habitat loss and fragmentation is the loss of
populations and species over time (Kattan ef al.
1994; Koopowitz ef al. 1994; Short & Turner 1994;
Knick & Rotenberry 1995).

Conversion of natural landcover to anthropo-
genic landcover has had negative consequences
0 n processeso o owater interception, infiltration,
andr u n oo f £ thatdetermine the magnitude of
flooding, water storage, and the quality of' drink-

i n g water (Peterjohn & Correll 198§ Saunders ef
al 1991, Franklini 992) Transtormation of natu-
ral Jandcover to anthropogenic landcover also in-
creases nutrient loadings to streams and estuaries
(Jones etal 200 1).

A primary wim of landscape assessments has
been to createndices and models that miegrate
aspects of landscape condition or health (e.g., sec
Wickham et al 1999). Rapport et ol (1998) sum-
marized various aspectso  f landscape health and
concluded that Tandscape health relates to hu-
man values and expectations of aspects of the en-
vironment, including certain ecological goods
(clean water) and scrvices (Nltration of nutnents
i n t o streams). Thev also concluded that land-
scape health could be defined interms o f both
terrestrial and aquatic g 0 0 d s and services. More-
over, conditionsinthe landscape often 1in k as-
pects o f terrestrial and aquatic systems. For exam-
ple, intact forests retain water and nutr ients, hence
reducing the off-load of nutrients to streams {(Frank-
lin 1992) . Excess nutrients i streams are known
to decrease the quality o f habitat for stream biota
(Frankhin 1992)  However, | 0 date, few attempts
have been made o quantitatively integrate as-
pects of aquaticand terresty 1al health in 0 broad-
scale regrionalassessments o £ landscape health,

Examining the extent and magnitude of Jand-
scape changesi s paramountio assessing risks 1 0
ecological resources and their associated pro-
cesses (1 lunsaker et al 1990). Unul recenty, as-
sessments of broad-scale changes in Tandscape
condition wer ¢ near v impossible. | lowever, new
data on landceover ¢ hange at relatively fine scales
(30-60 meters) act oss broad regions, along with
the development of spanally distributed land-
scape models, now make i t possible t o evaluate
t h extentand muagnitude of landsc ape change
and the mmpact of observed changes on aquatic
and terrest ial resourc es (O'Connell ef al. 2000;
Jones ¢ al 2001). For example, the North Amer! -
can Landscape Characterization Program (NALC)
has produced an archive of Landsat Muluspectral
Scanner (MSS) imageny that permits construction
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of kandcover data for the ear v 1970s, the mid-
1980s, and the early 1990s across the United States
and other countries (Lunettael gl i n press). Fur
thermore. the Multi-Resolution |Land Characteris-
tics Consortium (MRLC) has produced Jandcover
data (National | and Cover Databasc o r NLCD)
for the entire coterminous United States at a reso-
lation of 30 meters for the ear ly 1990s and plans
arc underway {¢o produce g similar early 2000s da-
tabase by 200.5 (Vogelmann et al. 2001 ). Taken to-
gether, these two programs permit relatvely fine-
scale assessments of landscape change acrossvery
large arcas.

Taking advantage of' the NALC imagery and
the MRLC Jandcover database and model concepts
developed by O’Connell ¢t ol (2000) for birds and
by Jones etul (2001) for nitrogenyield, we assessed
patterns of landcover change and their associated
impacts on landscape or fand health related to bird
habitats and nitrogen yield (1o streams across the
United States mid-Atantic region. Although land
health is limited to nitrogen vield and bird habitat
conditionsin this study, we demonstrate a method
that can be used with more comprehensive sets of
values and models.

METHODS

The study was undertaken i the mid-Atlantic re-
gion of the United States (southern N York.
Pennsylvania, western New Jersey, Delaware, Mary-
fand, west Virginia, Virginia, northern North
Carolina) (Figure 1). Digital landcover maps were
acquired and processed to examine thespatial
concordance o f* temporal changes innitrogen
load and temporal changes in gppindex of bird
habitat quality. Overall,the methodology canbe
separated into three steps: (1) acquire and process
landcover data for two time periods; (2) usethe
landcover data to run nitrogen load and bird hab-
itat models for each time period; and (3) compare
outputs of models across ymeand themes (nitrtt
gen and bird habitat).

The temporal landcover data were from the
early 1970s anti early 1990s. The 1970s landcover
data were created from Landsat MSS data that were
acquired aspart of' the NALC program (Lunetta
el al in pi-as). The NALC progr am distributed the
MSS data at a resampled pixelsize o f 60 meters.
The 1990s data wer € acquir ed from the MRLC
pt ogram (Loveland & Shaw 1996). An objective
o f the MRLC programwast o map landcover for
the conterminous United States (Vogelmann ¢ af,
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FIGURE 1. Geographic distribution of the mid-Atlanticregion

2001) using 30-meter data from the Landsat The-
matic Mapper (TM).

Unlike MRLC, there were no preexisting
landcover data from the NALC program for the
1970s. The NALC Landsat MSS data were classi-
fied into six landcover classes using cuchdean
minimum-distance-to-mean clustering and ancil-
lary data. The primary ancillary data sets were
U.S. Geological Survey Land Use Data Analysis
(LUDA) landcover and National Wetlands Inven-
tory (NWI) data. The six landcover classes were:
water, forest, agriculture (herbaccous), emergent
wetland, urban (developed), and bare ground
(bare rock, sand, mines).

Both landcover data sets were resampled to i
120-meter pixel in order to accommodate for the
differences in native spatial resolution (30-meter
Landsat TM and 60-meter NALC Landsat MSS)
Also: the two data sets were cahbrated so that no
urban arcas il the 1970 Landsat MSS landcover
data were lost in the 1990 landcover data because
of increasing wee density i maturing residential
arcas. Areas classified as urban in 1970 but notin
1990 were ¢ hanged t o urban in the | 990 land-
cover data,

The study area was tessellated into 25-km?
grid cells to ac commodate the nitrogen and bir d
habitat models and avoid per pixel calculation of

changes between the two landcover maps (Town-
shend et al. 2001). Statistics of landcover percent-
ages in the 1970s and 1990s were calculated for
each of the 25-km? grid cells, as was nitrogen dep-
osition,

The nitrogen load model was taken from Jones
et ql (2001 ), which empirically estimated the mass
of nitrogen output from several watersheds in the
mid-Atlantic region using flow-adjusted concentra-
tions. The Jones et al. (2001) model estmated nitro-
gen load as a function of riparian cover and nitrate
deposition. For this study, the model was recah-
brated with riparian cover removed because of
the fourfold increase in spatial resolution (30- to
190-meter pixels) The model was recalibrated us-
ing stepwise regression without inclusion of the ri-
parian cover metric. The recalibration replaced
riparian COVer with agriculture (with the appro-
priate (‘h;mg(f in signs) and retaned nitrogen
deposition:

Ln(N) = (1)

0.021 14dalc + 0.00175nd =1 58 187 where
alcis the propor tion o watershed in agriculture,
nd is nitrate deposition (kg/yr), and Nis nito-
gen vield (kg/ha/yr). The Rsquare was 0.80, with
ale and nd explaining 57% and 24% of the van-
ance, respectively. The nitrogen load model uu-
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lized the landeover percentages described above,
and a digital surface map of nitrogen deposition
(Jones et al 2001).

The bird model was taken from O’Connell e
al. (2000). The model characterizes the relaton-
ship between bird community index (BCH scores
and landscape conditions. A first-level character-
ization of the model stratified bird habitat into
poor, moderate, and good 1o excellent based on
the percentage of forest cover (calculated for
each 25-km? grid cell). Areas with less than 41%
forest cover were considered in poor condition
and areas greater than 80% forest were consid-
ered in good to excellent condition. Areas be-
tween 41% and 80% were considered moderate.
A second level of characterization in the model
considered the type of nonforest landcover. When
forest cover was less than 41% and urban was
greater than 33%, the site was considered poor-
urban. I forest was less than 41% and agriculture
was greater than 50%, the site was considered
poor-agriculture. O’Connell et al. (2000) found
that different groups of birds occupied poor-
urban and poor-agriculture sites.

In our implementation of the model, we
found other poor areas that met neither the poor-
urban nor poor-agriculture criteria. These sites
were mixtures of agriculture, developed, and for-
est, and also included large amounts of barren
(mines or large clear-cuts). We characterized
these areas as poor-other. Our application of the
O’Connell et al. (2000) model included five
classes: good to excellent, moderate, poor-urban,
poor-agriculture, and poor-other.

The models were applied to cach grid cell us-
ing each landcover data set 1o uncover temporal

changes in cach theme. The differences in each
theme were also compared to determine the spa-
tial concordance of changes in bird habitat and
nitrogen yield.

RESULTS

LANDSCAPE CHANGE

Changes in landcover types across the mid-Atlan-
tic region 1i-0111 the eat ly 1970s to the early 1990s
were relativelv small. Of the six landcover classes,
1w ban increased the most and herbaceous land-
cover decreased the most. Forests, water, and bar-
ren land experienced small increases, and emer-
gent wetlands very small decreases (Table 1 )
FHowever, the spatial patternof changesi n Jand-
covet- varied considerably across the region, espe-
cially changesin forest, herbaceous, and urban
Jandcover. Unfortunately, it was not possible lo
depict this pattern at the scale of the region, al-
though spatial variation was evidenti  n the maps
of the model results (see below). Relatively large
forest gains were seen in west-central Pennsylva-
nia, northern West Virginia, in the headwaters of
the Chesapeake R ay watershedin southern New
vork and Pennsylvama, and in southern Virginia.
The greatest gains in herbaceous landcover w e « e
scen i the large agriculturalareas in t h e central
parto ¢ theregion, onthe Delmarva Peninsula, in
extreme southeast Virginia alongthe coast, and
In extreme northwest Pennsylvania and south-
western New York. Urban landcover increased i n
and around large urban areaso f* the easternsea-
board and i n southern Virginlaandnorthern

TABLE 1

Percentage of different landcover types and their changes across the mud-Atlantic region from the eary 1970s to the

early 1990s
Emergent
Water Forest Ag Wetlands Urban Barren
1970s 6.17 62.56 2627 1.01 3.59 0.40
1990s 6.65 62.85 2376 0.90 492 0.92
Changesin %
Compositon +0.48% +0.29% 251 % -0.11% +1.33% +0.48%

Ag = agriculinre
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FIGURE 7' “Landscape change in the Washington, D.C. area. Red color Is urban (no change), dar IS urban expansion, *
green is forest (no change), yellow is herbaceous/agriculture (no change), orange is herbaceous gain, light green is forest
gain, aqua blue is water. The large urban patch in the middle of the image is the Washington, D.C. metropolitan area.
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North Carolina. Generally, the spread of urban
growth occurred around the periphery of existing
urban arcas (Figure 2). Most herbaceous (agrcul-
tural) loss resulted from gains in urban and forest
landcover, whereas agricultural gain was associ-
ated with losses of forest. Forest losses were associ-
ated with gains i agricultural in mixed agricul-
wire/forest landscapes, as well as expanding
urban centers, although the former was much
greater. There also was forest loss and gain associ-
ated with wetland arcas (for example, on the Del-
marva Peninsula) and major river systems, pri-
marily in the eastcentral part of the region
(Table 2). These changes may reflect differences
in the amount of water associated with different
climatic conditions in the 1970s versus the 1990s.

BIRD HABITAT CHANGES

At the regional scale, 79.07% of the bird habitat
remained in the same condition class between the
early 1970s and early 1990s; 20.93% of the 256-m?
grid cells changed. Approximately 29% of the
bird habitat in the region remained in good con-
dition, 40% in moderate condition, and 11% in
poor condition (Table 3). There was a 4.83% gain
of poor habitat across the region and a 7.67% in-
crease in good habitat between the early 1970s
and the carly 1990s. Approximately 3% of the
moderate habitat was converted to poor and 7%
to good (Table 3).

Because the model was based on changes in
herbaccous, forest, and urban landcover types
(see Methods), the spatial pattern of bird habitat
changes reflected the spatial pattern ot landcover
changes (Figure 3) but not entirely. This differ-
ence results from the bird habitat model; transi-
tion 10 poor conditions requires a loss in forests
and againi n cither herbaceous or urban land-
cover. Additonally, a relatively small loss or gain
forest canresultin a transition to another con-
dition dass—e.g., those grid cells at or near the
condition-class thresholds.

't was riot possible to depict the spatial pat-
tern o f all habitatransitons in a clear manner
for the entire region; thercfore, only the direc-
tion o f changei s illustrated. There were positive
habitat changes inand around large forested a
eas in West Virginia and northern Pennsylvania,
central and southern Virginia, southern New York
State, and directly northo ¢ Pittsburgh, Pennsylva-
nia. Negative habitat changes occurred i and
around large urban centers, on the Delmarva
Peninsula, along the eastern seaboardo ¢ North

(¢] f
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TABLE 2

Amount and percentages of change from one landcover
type to another 1 water, 2 = forest, 3 = herbaceous,
4 emergent wetland, 5 urban, 6 -- hare ground
Urban losses arc notreported because the change
estimates assumedno urban [oss (see Methods section)

1970 1990 km? o change % change

I 2 123.32 50%

1 3 118.67 11%

1 1 194.26 23%

1 5 64.81 7%

1 6 56.83 6%
Total 857.89

2 i 1597.03 5%

2 3 27574.39 80%

2 4 415.33 1%

2 5 9588.07 8%

2 6 2130.23 6%
Total 34305.05

3 1 881.65 2%

3 2 33889.42 89%

3 4 161.29 0.40%

3 5 3083.04 8%

3 6 132.61 0.30%
Fotal 38148.01

4 1 427.04 34%

1 2 555142 45%

4 3 17315 14%

1 ) 56.92 5%

1 6 27.55 2%
Total 1240.07

6 1 54.57 4%

6 2 794.430 62%

6 3 3118 24%

6 1 5.25 0.40%

6 5 120.97 9%
Total 1287.07

Carolina, and in large agricultural valleys o 1 the

Appalachian Mountains (Figure 3)

NITROGEN YIELD CHANGES

Bec ause of the fack of 1 spatial coverage of niwro-
gen deposition for the ¢arlv 1970s, it was not possi-
ble to as5¢ss how combinations of nitrogen deposi-
tion and herbaceous Jandcover changes affected
nirogen yickd. Therefore, nitrogen change estimates
are based entirelv o 1 1 (hanges in herbaceous land-
cover (see Methods). At the regional seale, there
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TABLE 3

Changes in the condition of bird habitats across the mid-
Atlantic region. Numbers are changes in the proportion
of conditions from one condition class to another
averaged over 15,918 25-km? cells and are expressed as
percentages

1113%
3.27%

0.04%

Remained poor
Poor to moderate
Poor to good

Moderate 1o poor 4.72%
Remained moderate 40.23%
Moderate 10 good 7.6%%

0.11%
1.05%
28.82%
79.07%
20.93%

Good to poor
Good to moderate
Remained good
No change

Total change

was an average decrease in the amount of nitro-
gen yield to streams based on model runs for
the 25-m? grid cells (=0.35 * 2.80). Similar to
changes in bird habitats, there was considerable
spatial variation in nitrogen yield changes. The
spatial pattern reflects landcover changes de-
scribed earlier. Large spatial clusters of decreases
of greater than 6.55 kg/ha/yr in nitrogen yield oc-
curred in southern New York State, the Pocono
Mountain region of eastern Pennsylvania, and
western Pennsylvania north of Pittsburgh. Areas
with smaller decreases in nitrogen yield were spa-
tially concordant with areas of greater nitrogen
yvield loss, except for a relatively lTarge patch of
smaller decreases in south-central Virginia and ex-
treme weslern Virginia. Two large clusters of rela-
tvely large nitrogen yield gain (>6.93 kg/ha/yr)
occurred in the mountainous regions of northern
Virginia, north-central Maryland, and south-cen-
tral Pennsylvama. Relatively lower gains i nitro-
gen vield (1.42-6.92 kg/ha/yr) were spatially ex-
tensive across central and northwestern Pennsylvania,
on the Delmarva Peninsula, in eastern North Caro-
lina, and in the valleys of the Appalachian Mountains
of Virgima (Figure 4).

CONCORDANCE BETWEEN CHANGES IN
NITROGEN YIELD AND BIRD
HABITAT CONDITIONS

As cxpected, there were some coincident spatial
patterns of bird habitatand nitrogen yield changes

between the ear Iv 1970s and earlvi 990s across the
mid-Atlantic region (Figure 5 ) . Spaual clusters ol
decreases i n nitrogen vield and increases in bird
habitat quality occut red in not thern Pennsylvania
and southern New Yor k State, western Pennsvlva
nia, the Pocono Mountains o £ castern Pennsviva-
nta, and norther n West Virginia. Generally, spa-
tially concordant patterns o f improving conditions
for mitrogen yield and bird habitats were nested
within Jarger arcas of dechning mitrogen vield.
This was also truc o spatially concordant patterns
o f declining habitat quality and increasing nitro-
gen vield; declining conditions for b o t h bird habi-
tat quality and nitrogen yield tended to bewithin
larger clusters o f increasing nitrogen yield. Spatial
clusters of declining conditions occurred on the
Delmarva Peninsula, (oastalareas ofNort h Caro-
lina and southern Virginia, large agricultural val-
leys in the Appalachian Mountains of Virginia,
western Marvland, and south-central, central, and
northwestern Pennsylvania. Spatally  discordant
patterns between changes innitrogen vielda n t |
bird habitat quality were primarily a function o f
the distributiono  f bird habitat quality changes.
Changes i n bird habitatconditions tended to be
more widespread and of a finer grain nature, par-
ticularly in areas with negative changes in bird hab-
itat conditions. Positive changesi  n bird habitats
tended to be on the edges of concordance patterns

o f improvementin bird habitat and nitrogen yield,
except in the southern part of the region, wherc
several patches of improving habitat quality were
spatiallydiscordant with improvements in nitrogen
vield (Figure s) .

DISCUSSION

Evaluation of changes in landscape health requires
the developmento  f spaually distributed models
that relate vanious aspects of landscape condition
(¢.g., landcover composition and pattern) t o envi-
ronmental endpoints (Jones et al W 00 ) . in as
much as landscape health s definedrelative t o
those environmental endpointso £ interest (o soci-
ety (Sutter 1990; Rapportel al 1998). Moreover, i t

is cost prohibitive to monitor changesin environ-
mental endpoints at relatively line scales across
large regions (Jones ef al 2000: Reckhow 200 1)
Recent development of' spatially distributed mod-
els made i t possible to demonstrate how landscape
changes across the mid-Atlantic region from the
carly 1970s t o the carly 1990s affected bird habitat

quality and nitrogen vield t o streams. Moreover,

Jones et al Consequences of Landscape Change on Ecological Resources
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FIGURE 3. Spatial pattern of bird habitat condition changes across the mid-Atlantic region. Changes are depicted by
25-km* grid cells. Dark green = good habitat condition (no change), light green = a positive change in habitat condition,
yellow = moderate habitat conditions (no change), dark blue = a negative change in habitat conditions, red = poor
habitat conditions (urban, no change), brown = poor habitat conditions (agriculture, no change), and aqua blue = water

(no  change).
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Nitrogen Yield Changes (kg/halyr)
32.893 - -6.55
B 65--174
s 2174 « 1.416
1.418 - 6.926 N
B 6.926.-26.01

W k

5

FIGURE 4. Spatial pattern of nitrogen yield changes across the mid-Atlantic region. Changes are depicted by 25-km? grid
cells. Changes are in kg/hafyr.
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FIGURE 5. Spatial concordance in the direction of change of bird habitat condition and nitrogen yield. Concordance in the
direction of change is depicted by 25-km* grid cells. Red = condition declines for habitat and nitrogen yield, yellow = con-
dition decline for nitrogen yield and no change for habitat, brown = condition decline for habitat and no change for nitro-
gen yield, blue = improved conditions for nitrogen yield and no change for habitat, light green = improved conditions for

habitat and no change for nitrogen vyield, and dark green = improved conditions for habitat and nitrogen yield.
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